A new class of double-wheel molecules is manipulated on a Au(111) surface by the tip of a scanning tunneling microscope (STM) at low temperature. The double-wheel molecule consists of two subphthalocyanine wheels connected by a central rotation carbon axis. Each of the subphthalocyanine wheels has a nitrogen tag to monitor its intramolecular rolling during an STM manipulation sequence. The position of the tag can be followed by STM, allowing us to distinguish between the different lateral movements of the molecule on the surface when manipulated by the STM tip.
Introduction
Understanding the motion and the intramolecular mechanics of a single molecule on a surface is of great importance for the development of mechanical molecular machines [1] . In the last few years, several examples of molecular mechanical machines have been demonstrated including molecular gears [2] [3] [4] , motors [5] [6] [7] [8] , wheels [9] , and different kinds of nanovehicles [10] [11] [12] [13] . Moreover, the manipulation of a molecule with the tip apex of a scanning tunneling microscope (STM) has become a well established technique to study the mechanics of a single molecule on a surface [14] .
To manipulate one atom or a single molecule using the STM, different experimental protocols have been developed including lateral, vertical, and inelastic tunneling induced manipulation [15] . In the first example of a single atom STM lateral manipulation, Xe atoms were moved one at a time on metal surfaces [16] . To perform a lateral manipulation, the tip was first positioned above a Xe atom and its distance to the surface reduced, thereby reducing the interaction between the tip apex end atom and the Xe. The manipulation process was performed in constant current mode and the Xe displaced by the lateral movement of the tip to the chosen final position. By reducing the tunneling current intensity, the tip finally retracts to a height characteristic for the normal STM imaging mode.
With lateral manipulation experiments on single atoms or small molecules, different modes of manipulation such as pushing, pulling and sliding can be distinguished by measuring the feedback signal during manipulation [17] . In particular, by manipulation in constant current mode, detailed information on the process is obtained from the tip height signal, which reflects the interaction between the tip apex and the adsorbate [18] . The STM feedback loop manipulation signal for molecules is normally more complex than for single atoms or small molecules like CO, especially when the mechanical internal degrees of freedom of the manipulated molecule play a role. For example, and in addition to a rigid like lateral-type motion on the surface, intramolecular conformation changes can be induced during the manipulation [19] . Manipulation signals for complex molecules normally do not show the regular periodic modes over long periods observed for single atoms and small molecules. Changes from one mode to another during manipulation are often observed. In some cases, manipulation signals do not present any periodicity and the peaks are irregular in intensity, length and shape [20] . Molecular flexure and reorientation of the internal conformations play a major role, as well as the reorientation of the molecule relative to the surface [14, 20] .
The large interest in the development of nanovehicles which can be driven by molecular manipulation has recently stimulated the design and synthesis of molecules that mimic macroscopic machines, transposing mechanical functions at the scale of a single molecule [21] . The control of complex functions at the molecular scale and the design of appropriate molecules are, however, still very challenging. Therefore we study here a simple mechanical device: a double-wheel molecule to study and control a complete rolling motion at the atomic scale. Recently, the rolling of a similar double-wheel molecule was shown [9] . The molecule is composed of two triptycene wheels connected by a C-axle. The rolling could be demonstrated by observing the manipulation signal. However, because the interpretation of the manipulation signal of complex molecules is in most cases very challenging, we have now added electronic tags (nitrogen atoms) to the wheels, allowing the detection of the rolling movement from the topographic STM images of the molecule.
In this paper, we investigated by STM the mechanics of a boron-subphthalocyanine double-wheel molecule adsorbed on Au(111). Our molecule is composed of two subphthalocyanine wheels connected by an axis, as shown in figure 1. Each wheel integrates an electronic tag (a nitrogen atom) which was designed to monitor the intramolecular rolling of the molecule. The idea of the experiment is schematically shown in figure 2. In the topographic STM images, the position of the tag can be determined by measuring the apparent height of the corresponding wheel. By lateral manipulations, our double-wheel molecule can be moved along the surface, mostly showing STM feedback loop manipulation curves which are similar to the curves observed for rigid molecules and single atoms. In a few cases, a different STM feedback loop manipulation signature is observed and the rolling of a wheel confirmed by a change in the position of the tag.
Experimental details
Experiments were performed by scanning tunneling microscopy in ultra-high vacuum (UHV) conditions (base pressure below 1 × 10 −10 mbar) at a temperature of 5 K. The STM was kept at low temperature by thermal contact with a liquid He cryostat and was completely shielded from radiation by a double screen. The Au(111) surface was cleaned by several cycles of sputtering and annealing at 450 • C followed by flashing to 550 • C, forming clean herringbone reconstructions on the Au(111) surface. The double-wheel molecules were evaporated from a Knudsen cell for 2 min at a temperature of about 200 • C onto the clean Au(111) surface kept at room temperature. As the molecules are expected to be relatively unstable against heat and light intensity, the evaporation temperature was kept as low as possible. After evaporation, the sample was transferred immediately into the STM to minimize thermal and light induced dissociation.
Images were taken by STM in constant current mode. Because the molecules are very mobile on the surface, low tunneling current (I = 20-50 pA) and bias voltages (V bias = 0.1-0.5 V) were used to image the molecules. The bias voltage was applied to the sample with respect to the tip. Lateral manipulations were performed in constant current mode and an STM tunneling resistance of some M corresponding to a tip height of a fewÅ above the surface, was sufficient to move the molecule in a controlled way.
The double-wheel molecules consist of two subphthalocyanine molecules connected by a linear 2-carbon (acetylenic) axis. The details of the synthesis process are described elsewhere [22] . The chemical structure is presented in figure 1 together with the optimized conformation of a double-wheel molecule adsorbed on a Au(111) surface using the semi-empirical ASED+ calculations [23] . The additional nitrogen on one of the three subunits of a subphthalocyanine wheel can be considered as a tag because it brings π * orbitals per wheel in the HOMO-LUMO electronic gap of the molecule. This state can be imaged differently depending on whether the nitrogen is close or far away from the surface. It was designed to monitor the rolling motion in the STM topographic images.
Imaging the molecular tag
The adsorption of the double-wheel molecules on Au(111) in the above described conditions leads to a submonolayer coverage, where single molecules are uniformly distributed on both fcc and hcp domains, while defects and molecular fragments occupy the elbows of the herringbone reconstruction ( figure 3) . No preferential orientation of the molecule was observed in the STM images.
In figure 4 , STM images of the single molecules and the corresponding linescans along the wheel axis are presented. The double-wheel molecules typically show two lobes corresponding to the two subphthalocyanine molecule wheels. The wheels are quite high on the surface and are creating a lateral interaction between the facet of the tip and the molecule introducing a tunnel current far before the end atom of the tip apex reaches a wheel.
As one can see, the complete molecule has a total apparent length of about 15Å. Two slightly different conformations, present in almost equal amounts on the surface, are observed. In the first one (figures 4(a) and (b)) the wheels appear parallel and have an apparent height between 0.7 and 0.9Å. In the second case (figures 4(c) and (d)), the double-wheel molecule is slightly asymmetric and shows an apparent height between 0.9 and 1.15Å. For both conformations, we ascribe the different apparent height of the lobes to the different position of the tag, where the highest wheel corresponds to the tag near to the upper position and the lowest one to a tag close to the surface. To confirm this interpretation, a representative constant current STM image had been calculated using one among many of the minimum energy conformations of the doublewheel molecule adsorbed on the Au(111) surface. In this specific case, a molecule with a tag up and a tag down was considered. This conformation is shown in figure 5 together with the corresponding calculated STM image. Since the tip apex used in those ESQC calculations are perfect (111)-like facets with an end gold atom, the calculated image shows a stronger internal contrast as compared with the experimental ones. The effect of the N tag is clearly visible in the calculated image. As already observed in [2] , the electronic effect of the N tag is not exactly localized at the position of the N atom in the molecular structure. The tunneling current captures the tunneling channels introduced by the molecular electronic states. Those states do not necessary have their maximum weight at the exact position of the N atom.
Manipulation and rolling
A chosen double-wheel molecule was manipulated with the STM tip in constant current mode by pushing it with the tip along one wheel (figure 2). Because of the high mobility of these molecules on the Au(111) surface, a tunneling resistance of about 4 M was sufficient to move a double-wheel molecule along the surface. As shown in the examples of figure 6 , the molecule can be rigidly manipulated from one adsorption site to the next one without any apparent changes in the position of the tag. Depending on the manipulation parameters and on the tip apex shape, feedback loop STM manipulation curves have been recorded, which are typical for a partial pulling ( figure 6(a) ), pushing ( figure 6(b) ), or sliding mode ( figure 6(c) ) of the double-wheel molecule [17] . In all cases, those manipulation signals show a periodic part with a periodicity of about 3Å. This corresponds to the average atomic distance on a Au(111) surface [24] and indicates the rigid jumping of the molecule from one adsorption site to the next. Before or after the periodic signal indicating a simple translation, a non-periodic trace in the manipulation curve can be observed. This indicates a change in the adsorption orientation of the molecule on the surface after the manipulation experiment, as confirmed by the changed orientation of the molecule in the STM image after manipulation. The same manipulation signal is often not maintained through the whole path and many combinations of pushing, pulling, sliding, and planar reorientations have been observed. In particular, as shown in the example of figure 6(a), after a short pushing manipulation sequence, the molecule is pulled by the tip. On the other hand, in the second example ( figure 6(b) ), the pushing mode ends with a reorientation of the molecule on the surface followed by a short pulling. In figure 6 (c) and after a sliding-like manipulation sequence, the double-wheel molecule rotates laterally and is afterwards pulled by the tip. In all described cases, the apparent height of the lobes remains unchanged during a manipulation sequence, as can be quantitatively confirmed by comparing the line scans over the molecule. Those manipulation signals indicate that no rolling of the wheels takes place here, as the Au(111) surface is generally too flat to facilitate the intramolecular rolling of a double-wheel molecule.
In a few cases, however, we have succeeded in rolling a double-wheel molecule on the Au(111) surface over a short path. In those cases, as shown in the example of figure 7, the manipulation curves present wider non-regular peaks and the apparent height of one lobe is changed after the manipulation. As can be clearly seen in the line scans recorded over the wheels before and after a manipulation ( figure 7(b) ), the two lobes of the molecule have the same apparent height before the manipulation, while one of the lobes appears about 6 pm higher than the other after the manipulation. This change in the apparent height of the molecule in the STM image represents the signature of an intramolecular rolling of one of the wheels, with the consequent change in the position of the tag to the upper position. However, less information can be extracted from the manipulation curve in this case ( figure 7(d) ), because a planar rotation of the molecule on the surface accompanies the rolling of the molecule, making a straightforward interpretation of the STM feedback loop signal difficult. In the example of figure 7, after a rolling and then a possible reorientation on the surface, the molecule is finally pulled by the tip, jumping over a further two adsorption sites, as shown in the last part of the manipulation curve ( figure 7(d) ).
Conclusions
In the present investigation we have reported for the first time the lateral manipulation of double-wheel molecules equipped with N tags on Au(111) by STM at low temperature. We have observed that in most cases the molecule is moved rigidly on the surface, without rolling its wheels. In a few cases, the rolling of a wheel is observed, as concluded from the change in the position of the tag on one of the two wheels. This was monitored by measuring the apparent height of the corresponding wheel in the STM images. Rolling experiments on more corrugated surfaces should now be undertaken to favor intramolecular rotation, and new nanovehicles are being designed, equipped with this new generation of subphthalocyanine molecule wheels.
